Cyclin-dependent kinase 5 (Cdk5) is an atypical but essential member of the Cdk kinase family, and its dysregulation or deletion has been implicated in inflammation-related disorders by an undefined mechanism. Here we show that Cdk5 is an indispensable activator of the GAIT (IFN-γ-activated inhibitor of translation) pathway, which suppresses expression of a posttranscriptional regulon of proinflammatory genes in myeloid cells. Through induction of its regulatory protein, Cdk5R1 (p35), IFN-γ activates Cdk5 to phosphorylate Ser 886 in the linker domain of glutamylprolyl tRNA synthetase (EPRS), the initial event in assembly of the GAIT complex. Cdk5/p35 also induces, albeit indirectly via a distinct kinase, phosphorylation of Ser 999 , the second essential event in GAIT pathway activation. Diphosphorylated EPRS is released from its residence in the tRNA multisynthetase complex for immediate binding to NS1-associated protein and subsequent binding to ribosomal protein L13a and GAPDH. The mature heterotetrameric GAIT complex binds the 3′ UTR GAIT element of VEGF-A and other target mRNAs and suppresses their translation in myeloid cells. Inhibition of Cdk5/p35 inhibits both EPRS phosphorylation events, prevents EPRS release from the tRNA multisynthetase complex, and blocks translational suppression of GAIT elementbearing mRNAs, resulting in increased expression of inflammatory proteins. Our study reveals a unique role of Cdk5/p35 in activation of the major noncanonical function of EPRS, namely translational control of macrophage inflammatory gene expression.
A minoacyl-tRNA synthetases (AARSs) are ubiquitous enzymes with evolutionarily conserved catalytic cores that perform their major function, ligation of amino acids to cognate tRNAs for protein synthesis (1, 2) . AARSs also contribute to key biological processes beyond their canonical activities (3, 4) . In most cases, AARS phosphorylation initiates the noncanonical function with little disruption of aminoacylation activity (5) . Phosphorylation of ThrRS, SerRS, and LysRS increases the synthesis of Ap 4 A, a pleiotropic signaling molecule (6, 7) . In myeloid cells, IFN-γ-induced phosphorylation of glutamyl-prolyl tRNA synthetase (EPRS) initiates transcript-selective translational inhibition of inflammatory mRNAs (8, 9) . Stimulus-dependent phosphorylation of EPRS drives the release of EPRS from its residence in the tRNA multisynthetase complex (MSC) to facilitate the noncanonical activity (8, 9) . Stimulus-and phosphorylation-dependent release of other MSC components has been reported, supporting the "depot hypothesis" in which proteins are inducibly released from macromolecular complexes to perform auxiliary, "moonlighting" functions (7, 10) . These previous studies showed that signal-dependent phosphorylation is critical to the regulation of AARS conformation, activity, intracellular localization, protein (and RNA) partners, and, ultimately, noncanonical function.
EPRS is a component of the GAIT complex that binds the 3′ UTR GAIT element in multiple proinflammatory transcripts (e.g., VEGF-A) and inhibits their translation in human myeloid cells (11, 12) . The GAIT complex comprises EPRS, NS1-associated protein (NSAP1), ribosomal protein L13a, and GAPDH (8) . A unique GAIT component that recognizes and directly binds target mRNAs, EPRS consists of distinct glutamyl tRNA synthetase (ERS) and prolyl tRNA synthetase (PRS) domains joined by a noncatalytic linker of three highly structured WHEP-TRS repeats separated by putative unstructured spacers (Fig. 1A) . The linker by itself is sufficient to bind the other GAIT components and reconstitute a functional GAIT complex in vitro (9, 13) .
IFN-γ induces early release of EPRS from the MSC and consequent binding to NSAP1 to form the pre-GAIT complex, which lacks GAIT element RNA-binding activity. After ∼14 h, phosphorylated L13a and GAPDH interact with the pre-GAIT complex to form the four-protein GAIT complex that binds and inhibits translation of GAIT element-bearing RNA. These events are mediated by IFN-γ-inducible, two-site phosphorylation of EPRS in the linker domain at Ser 886 and Ser 999 after ∼1 and 2 h, respectively (9) . Both phosphorylation events are required for the release of EPRS from the parent MSC. Negative regulation by NSAP1 specifically requires phosphorylation at Ser 886 . Ser 999 phosphorylation is essential for conformationally correct interaction with phospho-L13a and GAPDH to generate the active GAIT complex that binds target RNA and interacts with eIF4G of the translation initiation machinery, thereby inhibiting translation.
Significant advances have been made in understanding the role of phosphorylation in inducing noncanonical functions of AARSs. Information on the upstream signaling events and the proximal kinases that induce these phosphorylation events in cells is limited, however. Here we report an IFN-γ-induced signaling event that activates cyclin-dependent kinase (Cdk)-5 and its regulatory protein, Cdk5R1 (p35), which directly catalyzes the initial EPRS Ser 886 phosphorylation event and indirectly induces Ser 999 phosphorylation through activation of a distinct Ser 999 kinase. Cdk5/ p35-mediated induction of EPRS phosphorylation and GAIT system activation might be an important link between kinase and macrophage inflammatory gene expression.
Results
Cdk5 Phosphorylates EPRS at Ser 886 . Previous pharmacologic inhibitor studies have suggested that an unidentified prolinedirected kinase is responsible for EPRS Ser 886 phosphorylation (9) (Fig. 1A) . Site-specific mutagenesis demonstrated the requirement for S/T-P-X-K/R, a proline-directed kinase recognition motif, in the linker sequence 886 SPTR. Inhibitor studies also showed that a distinct AGC kinase phosphorylates EPRS at Ser 999 (9) . To identify the specific Ser 886 kinase, candidate prolinedirected kinases were subjected to immunoprecipitation using antibodies against multiple MAPKs and Cdks. Site-specific phosphorylation of Ser 886 was measured by in vitro phosphoryla- tion of recombinant S999A linker, which permits phosphorylation of the upstream site only. Robust phosphorylation of Ser 886 by immunoprecipitated Cdk5 and lesser activity of ERK2 and Cdk1 were detected (Fig. 1B) .
Candidate kinases were investigated by siRNA-mediated knockdown and metabolic labeling of EPRS linker targets mutated to permit single-site phosphorylation. In cells transfected with control siRNA, both single-site targets incorporated approximately half of the 32 P compared with WT (Fig. 1C) (Fig. 1D ). Identical results were obtained using primary human peripheral blood monocytes (PBMs) (Fig. S1) .
To , suggesting that Cdk5 is the proximal kinase (Fig. 1E) . Cdk5 did not phosphorylate Ser
999
, consistent with its role as an upstream activator of a distinct kinase. ERK2 did not phosphorylate either site, indicating that it is upstream of Cdk5. The phosphorylation of p35 by Cdk5 has been reported previously (14) . To show that cellular Cdk5 phosphorylates Ser 886 , the kinase was immunoprecipitated from IFN-γ-activated U937 cell lysates and used to in vitro phosphorylate the linker target. The immunoprecipitate and supernatant phosphorylated histone H1, a general Cdk substrate (15) (Fig. 1F) (16, 17) . Cdk5 activity is restricted primarily to neurons due to cell type-specific expression of its requisite binding partners, Cdk5 regulatory subunits 1 (Cdk5R1) and 2 (Cdk5R2), commonly referred to as p35 and p39 activator proteins, respectively (18, 19) . However, recent studies have found p35 and p39 expression in nonneuronal cells, indicating a role for Cdk5 outside the nervous system (20) . Double p35/p39 knockout mice exhibit a phenotype identical to Cdk5-deficient mice, suggesting that p35 and p39 are the principal Cdk5 activators (21) . Immunoblot analysis revealed low-level expression of p35 and p39 in U937 cells, but only p35 protein and mRNA were induced by treatment with IFN-γ ( Fig. 2A) . IFN-γ induced a specific interaction of Cdk5 with p35, but not with p39 (Fig. 2B) . Coimmunoprecipitation of lysate from cells treated with IFN-γ for 1 h, a time period in which only Ser 886 is phosphorylated (9) , revealed interactions of Cdk5 with EPRS and p35 (Fig. 2C) . Furthermore, siRNA-mediated knockdown of p35 inhibited IFN-γ-induced phosphorylation of endogenous EPRS as determined by 32 P-labeling ( Fig. 2D ) and by phosphospecific antibody (Fig. 2E , Left). Knockdown of p35 reduced Cdk5 activity, confirming p35's role in Cdk5 activation (Fig. 2E , Right). The functional requirement for constituents of the Cdk5 activation pathway was investigated. U937 cells were activated with IFN-γ for 8 or 24 h, and cytosolic lysates were tested for their inhibition of in vitro translation of luciferase cDNA upstream of the ceruloplasmin (Cp) 3′ UTR GAIT element (Luc-Cp GAIT). As shown previously, 24-h lysates specifically suppressed translation of the reporter but not of the T7 gene 10 control transcript lacking the GAIT element (Fig. 2F) . Pretreatment of cells with siRNA targeting p35, Cdk5, or ERK2 (but not Cdk1) overcame the inhibition by active 24-h lysates. These results demonstrate that the Cdk5/p35 complex is essential for the initial phosphorylation of Ser 886 , subsequent phosphorylation of Ser 999 , and translational suppression activity of the GAIT complex.
Induction of p35 by IFN-γ Activates Cdk5 and EPRS Phosphorylation in
Myeloid Cells. We investigated the regulation of Cdk5 activity and its temporal relationship to EPRS phosphorylation by in vitro α IB, α-ERK2 IB, α-Cdk1 IB, α-Cdk5 phosphorylation of Cdk5-specific peptide substrate, or a peptide containing the Ser 886 site, after immunoprecipitation of lysates with anti-Cdk5 antibody (9) . Phosphorylation of both peptide substrates was observed after a 1-h lag, with maximal activity seen at 4 h, followed by a gradual decline up to 24 h (Fig. 3A) . Cdk5 immunoprecipitated from maximally active cell lysate robustly phosphorylated Cdk5 and EPRS Ser 886 peptide substrates, but not S999 peptide (Fig. S2) . A similar temporal phosphorylation pattern was observed for lysates from IFN-γ-activated U937 cells and PBMs used to phosphorylate EPRS linker containing only the Ser 886 phosphorylation site (S999A) (Fig. 3B) or Ser 886 peptide substrate (Fig. S3) .
Cdk5 expression was not substantially altered after IFN-γ treatment for up to 24 h in U937 cells (Fig. 3C ) and human PBMs (Fig. S4) . In contrast, p35 was induced with kinetics closely matching those of Ser 886 phosphorylation of EPRS linker. This finding was expected, because Cdk5 activity is generally determined by transcriptional or posttranscriptional regulation of p35 (18, 19) . In some cases, Cdk5 is induced by a signaling pathway driven by ERK1/2 and Egr-1 (22, 23) . Induction of p35 by IFN-γ during neuronal differentiation also requires ERK1/2 and Egr-1 (24) . Phosphorylation by Cdk5 targets p35 to polyubiquitination and degradation, forming a negative feedback pathway that represses Cdk5 activity (14) . We investigated the role of proteasomal degradation in regulating p35 expression. p35 was determined in IFN-γ-treated U937 cells in the presence of cycloheximide to block protein synthesis and MG-132 to inhibit proteasome activity. MG-132 prevented the decline of p35 protein observed after 4 h, modestly increased EPRS phosphorylation, and sustained Cdk5 activity for 24 h, consistent with tight control of Cdk5 activity by a negative-feedback loop with p35 (Fig. 3D) . Lysates were incubated with anti-Cdk5 antibody, and precipitates were used for in vitro phosphorylation of Cdk5-specific peptide substrate. Aliquots were spotted on phosphocellulose P-81, and the incorporation of 32 P into peptide was determined by scintillation counting (mean ± SEM; n = 3 experiments). (F) ERK2, p35, and Cdk5 are required for GAIT complex-mediated translational suppression. U937 cells were transfected with the siRNAs shown and incubated with IFN-γ for up to 24 h. Lysates were added to RRL for in vitro translation of capped, polyadenylated luciferase (Luc) reporter transcript bearing the Cp GAIT element in the presence of 35 S-Met. T7 gene 10 RNA lacking the GAIT element was cotranslated as a specificity control. Luc translation was quantified by densitometry, normalized by T7 gene 10, and expressed as percentage of control (mean ± SEM; n = 3 experiments). . Lysate expression of p35, Cdk5, and phosphorylated and total EPRS was determined by immunoblot analysis. Cdk5 activity was determined in lysates after precipitation with anti-Cdk5 antibody as described in Fig. 2E. bearing mRNA (8) . NSAP1 binding to Ser 886 -phosphorylated EPRS negatively regulates this binding, which is subsequently restored by binding of GAPDH and phosphorylated L13a (9, 13) . To determine whether Cdk5/p35-mediated phosphorylation regulates EPRS binding to GAIT mRNA, we performed surface plasmon resonance (SPR) using immobilized, biotinylated Cp GAIT RNA. Purified, His-tagged EPRS linker was phosphorylated at Ser 886 by incubation with lysate from IFN-γ-activated cells or with Cdk5/p35, and verified with phosphospecific antibodies (Fig. 4A, Top, Left) . Unmodified, WT linker efficiently bound GAIT RNA, and binding was not affected by preincubation with NSAP1 or with NSAP1, GAPDH, and P-L13a (Fig. 4A, Top, Right) . As shown previously, the RNA-binding activity of linker phosphorylated by cell lysate was completely blocked by preincubation with NSAP1, and the binding was restored on the addition of GAPDH and P-L13a (Fig. 4A , Middle, Left). WT (Fig. 4A , Middle, Right) and S999A mutant linker (Fig.  4A , Bottom, Left) phosphorylated with Cdk5/p35 exhibited binding activities identical to those of WT linker phosphorylated with lysate. In contrast, Cdk5/p35-mediated phosphorylation of S888A linker exhibited binding activity comparable to that of unmodified linker (Fig. 4A, Bottom (9) . The role of Cdk5/p35 in the release of EPRS from the MSC was assessed by immunoprecipitation with antibodies against a MSC constituent, LysRS (KRS), and the pre-GAIT complex protein NSAP1. The induction of p35 protein ∼1-2 h after IFN-γ treatment coincided not only with Cdk5 activation and EPRS phosphorylation, but also with EPRS translocation from the MSC to the pre-GAIT complex (Fig. S5) . The role of Cdk5/p35 in EPRS translocation was tested directly by knockdown. In untreated control cells, IFN-γ induced translocation of about half of the EPRS from the MSC to the pre-GAIT complex, as reported previously (8) (Fig. 4B) . However, after Cdk5 knockdown, translocation of EPRS was completely blocked, verifying the critical role of Cdk5.
Cdk5-Mediated Phosphorylation of EPRS Regulates VEGF-A Expression.
We investigated the effect of Cdk5 knockdown on expression of an established GAIT target, VEGF-A (11). In untreated cells, VEGFA mRNA and protein expression was induced after 8 h of IFN-γ treatment; however, protein expression was significantly repressed after 24 h despite abundant VEGFA mRNA (Fig. 5A) , as reported previously (11, 25) . Knockdown of Cdk5, but not of Cdk1, overcame the suppression of VEGF-A expression at 24 h, confirming the specific function of Cdk5 in GAIT pathway activation. Expression of double-phosphomimetic (S886D/S999D) EPRS linker in Cdk5 knockdown cells reconstituted GAITmediated inhibition of VEGF-A, thereby establishing the specific role of Cdk5-mediated phosphorylation of EPRS in gene expression (Fig. 5B) .
To investigate the downstream consequence of Cdk5-mediated EPRS phosphorylation, we assessed its role in endothelial cell (EC) proliferation, a major proangiogenic activity of VEGF-A. Subconfluent ECs were incubated with medium conditioned by siRNA-transfected and IFN-γ-treated U937 cells. Conditioned medium from cells treated with siRNA targeting Cdk1 (or control) and IFN-γ for 8 h increased EC proliferation compared with 0-h controls (Fig. 5C) . Proliferation was reduced to basal levels after the addition of medium conditioned by cells treated with IFN-γ for 24 h due to the GAIT-mediated suppression of VEGF-A expression. However, 24-h conditioned medium from Cdk5 knockdown cells failed to reduce EC proliferation, as would be expected when the GAIT pathway is blocked. In all cases, stimulatory activity was neutralized by anti-VEGF-A antibody, confirming the role of VEGF-A. Taken together, these results show that Cdk5-mediated EPRS phosphorylation is required for activation of the GAIT system and for posttranscriptional suppression of VEGF-A expression.
Discussion
We have shown that IFN-γ activates Cdk5 via a pathway that includes ERK2 and p35 and that initiates two-site phosphorylation of EPRS and translational control by the GAIT system (Fig. 5D ). Cdk5 activity is tightly regulated by p35 expression in monocytic cells. Temporal expression of Cdk5 activity and Ser 886 phosphorylation closely parallel the induction of p35 and is maximal at about 4 h. The activity of Cdk5 declines gradually, again paralleling the decline in p35 expression due to proteasomal degradation, forming a negative-feedback loop to restrict Cdk5 activity. This activity of Cdk5 and its activator protein in monocytic cells reveals a unique function that regulates the noncanonical function of a tRNA synthetase to control translation of a proinflammatory posttranscriptional regulon.
Control
Cdk5 by Cdk5 reconstitutes the GAIT complex assembly and binding to GAIT element RNA. His-tagged, WT, and mutant (S886A and S999A) EPRS linker proteins were phosphorylated by incubation with lysate from IFN-γ-treated U937 cells or with recombinant Cdk5/p35, and then repurified using Ni-affinity resin (Top, Left). Specific phosphorylation was confirmed using anti-phosphospecific antibodies. Unmodified (Top, Right), lysate-phosphorylated (Middle, Left), or Cdk5-phosphorylated WT (Middle, Right), S999A (Bottom, Left), and S886A (Bottom, Right) EPRS linkers were preincubated with NSAP1 or with NSAP1, GAPDH, and phospho-L13a (P-L13a), and binding to biotinylated Cp GAIT element RNA immobilized on a streptavidin sensor chip was determined by SPR and expressed as resonance units (RU). (B) Cdk5-mediated phosphorylation induces EPRS release from MSC. U937 cells were transfected with siRNA targeting Cdk5 (and control siRNA) and then treated with IFN-γ for 4 h. Lysates were immunoprecipitated with antibodies against EPRS, LysRS (KRS, MSC constituent), and NSAP1 (pre-GAIT complex constituent), and evaluated by immunoblot analysis.
Mutation or dysregulation of several AARSs has been linked to disease; however, no such associations have been described for EPRS (26, 27) . Charcot-Marie-Tooth disease has been linked to heritable mutations in GlyRS and TyrRS that generally do not affect aminoacylation activity (28, 29) . Likewise, LysRS is associated with amyotrophic lateral sclerosis through a mechanism unrelated to its canonical function (30) . Whether defective phosphorylation of any of these AARSs plays a role in disease etiology is unclear. However, MAPK-dependent phosphorylation of LysRS is known to modulate the immune response by regulating gene expression (7) , and LysRS triggers proinflammatory responses in macrophages (31) . Genetic defects in two GAIT system components, GAPDH and death-associated protein kinase (the kinase that phosphorylates L13a), have been implicated in progression of chronic inflammatory conditions (12, 32, 33) . Our findings suggest that condition-dependent conformational alterations, or heritable mutations in EPRS that influence the susceptibility to phosphorylation by Cdk5/p35, might negatively influence the translational suppression of proinflammatory gene expression.
Despite sequence and structural similarities to other Cdk kinases, Cdk5 is an anomalous Cdk family member because it plays only a minor role in cell cycle regulation (18) . The atypical nature of Cdk5 is also evidenced by its dependence on p35 and p39 as activator proteins instead of the usual cyclin (19) . Cdk5 is highly expressed in the nervous system and is indispensable for neural development and function. In addition, Cdk5 is implicated in activities in nonneuronal cells, including exocytosis, apoptosis, wound healing, gene transcription, myocyte senescence, glucosestimulated insulin secretion in pancreatic β cells, and hematopoetic cell differentiation (20) . Our identification of EPRS as a physiological substrate of Cdk5/p35 reveals a unique facet of the kinase in regulating inflammatory gene expression by a transcriptselective translational control mechanism.
Dysregulation of Cdk5/p35 causes neuronal and extraneuronal pathologies in inflammation-related disorders. Defects in Cdk5 and its putative inhibitor, CDKAL1, are linked to type 2 diabetes and Alzheimer's disease (34, 35) . Glucose-induced inactivation of Cdk5/p35 in pancreatic β cells is implicated in glucotoxicity and diabetes (36, 37) . Likewise, conditional deletion of Cdk5 in the developing forebrain causes macrophage activation and neurodegeneration (38) . Single nucleotide polymorphisms in the CDK5 gene promoter contribute to lung cancer risk (39) . Ectopic expression of Cdk5/p35 in undifferentiated human myeloid leukemia cells results in their differentiation, identifying them as targets for the treatment of promyeloblastic leukemia (23, 40) . Previous studies did not illuminate the molecular mechanisms through which Cdk5/p35 dysregulation influences inflammation, however. Our results reveal a pathway through which Cdk5/p35 modulates the myeloid inflammatory response. Stimulus-dependent activation of Cdk5/p35 by IFN-γ is a critical early event in the activation of EPRS for formation of the GAIT complex. Cdk5/p35 participates in the delayed translational suppression of proinflammatory genes and can be considered a critical regulatory component of the GAIT-mediated "resolution of inflammation" pathway. Pathophysiologic interruption of the Cdk5/p35 activation pathway would be expected to exacerbate the inflammatory response of myeloid cells. Alternatively, because chemical activation of the pathway might reduce inflammation, Cdk5/p35 represents a potential target for new anti-inflammatory therapies.
Materials and Methods
Antibodies, Reagents, and Cell Culture. Antibodies against EPRS, L13a, and phospho-EPRS-Ser 886 and -Ser 999 sites were obtained as described previously (9, 11) . Recombinant Cdk5/p35, ERK2, and histone H1 were obtained from Upstate/Millipore. siRNAs targeting Cdk1, Cdk5, and ERK2 were obtained from Dharmacon, and those targeting p35 were obtained from Santa Cruz Biotechnology. Human U937 monocytic cells (American Type Culture Collection) and PBMs were cultured in RPMI medium 1640 supplemented with 10% FBS, and then treated with IFN-γ (8, 11) . Bovine aortic ECs were cultured in Ham's F-12/DME (1:1) medium with 5% FBS. Cell lysates were prepared with Phosphosafe extraction buffer (Novagen) containing protease inhibitors.
RNA Interference and 32 P Labeling. For kinase or p35 knockdown, U937 cells were transiently transfected with siRNAs using the Amaxa Nucleofector V Kit. Cells were transferred to Opti-MEM medium (Invitrogen) for 6 h, and then allowed to recover for 18-24 h in RPMI medium 1640 supplemented with 10% FBS before IFN-γ treatment. For cotransfection, Flag-tagged EPRS linker (WT or mutant) plasmid DNA was nucleofected with siRNA. In Vitro Translation. Capped, poly(A)-tailed Luc-Cp GAIT and T7 gene 10 template RNAs were prepared using the mMessage mMachine (Ambion). RNAs were translated in rabbit reticulocyte lysate (Promega) in the presence of Met-free amino acids and [ 
